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’ INTRODUCTION

Worldwide government agencies are implementing a series of
regulations that will control gaseous and particulate matter (PM)
emissions from diesel engines in-use and ensure that low emis-
sions levels can be maintained throughout the course of an
engine’s lifetime. One of the more important regulations with
respect to controlling in-use emissions is the Not-To-Exceed
(NTE) regulation in the United States, which requires in-use
emission testing to evaluate emissions in a defined portion of the
engine operation known as the NTE control area.1 In-use testing
requires new technology that has been developed to quantify PM
emissions on a mass basis under the protocols specified in the
regulations. These portable emission measurement systems
(PEMS) for PM are specifically designed to measure PM mass
during short NTE events.

There have been many comparisons of real-time PM mass
measurement instruments with laboratory-based gravimetric
reference methods28. Although these studies have shown rea-
sonably good correlations between PM gravimetric mass and
real-time PM mass, their widespread use, covering the range of
emission levels for diesel PM (engine-out and trap-equipped)
over different operating conditions, is not well understood.
Some studies have also shown that the measurement principle
assumptions used by many instruments do not hold for all PM

combustion sources, regardless of whether the principle is
absorbed energy, electrical mobility, inertial, or light scattering
properties.2 Others in the scientific community have suggested
that adsorption artifacts for the gravimetric filter reference
method could cause correlation differences.5

Two new PM instruments were commercialized in 2008
because there was a lack of available technologies to correlate
reliably with the gravimetric method over short periods of
time. One technology uses a quartz crystal microbalance
(QCM) to directly measure the weight gain of deposited PM
mass.9,10 The other uses a combination of a gravimetric
reference filter and a real-time electrical charge carried by the
particles.11 These new PM PEMS are commercially available,
but neither has been fully tested nor evaluated by independent
researchers. As of 2009, the U.S. Environmental Protection
Agency had shown data that suggested a QCM version, with a
prototype single crystal head, had excellent correlation with
gravimetric mass under laboratory conditions.12 The other PM
PEMS had only been evaluated by manufacturer-sponsored
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ABSTRACT: Heavy duty emissions regulations have recently expanded from
the laboratory to include in-use requirements. This paradigm shift to in-use
testing has forced the development of portable emissions measurement systems
(PEMS) for particulatematter (PM). These PMmeasurements are not trivial for
laboratory work, and are even more complex for in-use testing. This study
evaluates five PM PEMS in comparison to UCR’s mobile reference laboratory
under in-use conditions. Three on-highway, heavy-duty trucks were selected to
provide PM emissions levels from 0.1 to 0.0003 g/hp-h, with varying composi-
tions of elemental carbon (EC), organic carbon (OC), and sulfate. The on-road
driving courses included segments near sea level, at elevations up to 1500 m, and
coastal and desert regions. The photoacoustic measurement PEMS performed
best for the non-aftertreatment system (ATS)-equipped engine, where the PM
was mostly EC, with a linear regression slope of 0.91 and an R2 of 0.95. The
PEMS did not perform as well for the 2007 modified ATS equipped engines. The best performing PEMS showed a slope of 0.16 for
the ATS-equipped engine with predominantly sulfate emissions and 0.89 for the ATS-equipped engine with predominantly OC
emissions, with the next best slope at 0.45 for the predominantly OC engine.
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testing that showed agreement on laboratory transient tests of
better than 10%.11

For this study, several PM PEMS were directly compared
with the University of California, Riverside’s (UCR) Mobile
Emissions Laboratory (MEL) over a series of different on-road
driving conditions. The MEL is unique in that it contains a full
1065-compliant constant volume sampling (CVS) system with
gravimetric PM measurements, while being fully operational
under on-road driving conditions. Measurements were made
from two modified aftertreatment system (ATS)-equipped,
Class 8 heavy-heavy duty trucks and one non-ATS�equipped,
Class 8 heavy-heavy duty truck. The ATS systems included an
original equipment manufacturer (OEM) diesel oxidation cat-
alyst (DOC) and a diesel particulate filter (PDF) with an exhaust
fuel injection regeneration management system.

This study represents the first in-use evaluation of the new PM
PEMS and other PM instruments compared to a mobile refer-
ence laboratory meeting regulatory requirements. The work is
also unique that it includes a wide range of PM emission levels,
compositions, and particle size distributions. The on-road driving
courses included segments near sea level, in coastal regions, in
desert regions, and on longer uphill inclines. The results pre-
sented represent a robust in-use evaluation of the PM PEMS
systems as they compare to the traditional reference system.

’EXPERIMENTAL SECTION

Test Vehicles. Three heavy�heavy duty diesel vehicles were
selected for this in-use PM PEMS evaluation. The vehicles
selected comprised one non-ATS diesel engine and two ATS-
equipped diesel engines, as listed in Table 1. The non-ATS
engine was a 2000 Caterpillar engine and the two ATS-equipped
engines were a 2007 Cummins and a 2007 Volvo engine. The
MEL trailer itself provided the load for all the on-road testing.
The gross vehicle weight of the tractors and trailer was about
65 000 lbs for all the in-use testing performed. All the engines had
similar peak torque and peak power and ranged from 1650 to
1690 ft-lb and 450 to 485 hp, respectively. During all testing,
commercially available CARB ultra low sulfur diesel (ULSD) fuel
with a sulfur level of less than 15 ppm was used.
The non-ATS-equipped vehicle was selected to provide PM

emission levels up to 0.1 g/hp-h, whereas the ATS-equipped
vehicles were selected to provide emissions near 0.01 g/hp-h.
Typical PM emissions from a properly functioning DPF are near
0.001 g/hp-h. The PM emission levels for the ATS-equipped
engines were manipulated in order to evaluate the PM PEMS
around the 0.01 g/hp-h standard. Three approaches were used
to manipulate the PM emission levels for the ATS-equipped
engines: electronic control module (ECM) recalibrations,

DPF-controlled regenerations, and an ATS bypass, as listed in
Table 1. The ATS bypass takes a portion of the engine out
exhaust and routes it around the DPF. The use of an ATS bypass
simulates higher PM emissions that may be more representative
of levels that might be seen for a malfunctioning DPF. For more
details on the approach used for regenerations, ATS bypass, and
ECM recalibration, see.13 In general, the emission control
modifications varied the brake specific PM (bsPM) levels and
provided a range of PM for the ATS-equipped vehicles that
varied from 0.0003 to 0.04 g/hp-h, as listed in Table 1
PEMS Description. A total of five PEMS systems were tested

as part of this in-use PM measurement evaluation. These five
PEMS represent different levels and types of technology, as listed
in Table 2. The PEMS are labeled by number and operational
principles. Both PEMS1, which uses diffusion charging along
with a gravimetric filter (DC+F), and PEMS2(QCM) are
complete systems with the self-contained ability to measure
PM mass, exhaust flow rate, regulated gaseous emissions, and
the engine parameters needed to calculate the applicable criteria
for bsPM during short 30 s NTE events. PEMS3, which uses a
photoacoustic (PA) measurement principle, was designed to
sample from the raw exhaust, but did not have an integrated
system measuring for exhaust flow and integrated ECM para-
meters. PEMS3(PA) was used in conjunction with PEMS1 or 2
to get in-use bsPM. PEMS4 uses electrical mobility and aero-
dynamic impaction (EM+A)measurement principle and PEMS5
uses light scattering (LS)measurement principle. PEMS4(EM+A)
and PEMS5(LS) were setup and installed in the MEL laboratory
and measured from the diluted exhaust rather than the raw
exhaust.
The PEMS that sampled from the raw exhaust utilized

heated sample lines and close coupled dilution following the
requirements of 40 CFR Part 1065. For PEMS1(DC+F) and
PEMS2(QCM), the dilution was proportional to the exhaust
flow. Proportionality is required because these PEMS are depos-
iting PM mass on surfaces that must be flow-weighted in order
to measure the PM mass properly. PEMS3(PA) system makes
continuous measurements with a constant sample flow, which
was not proportional to the exhaust flow.
PEMS1(DC+F) is Horiba’s Transient Particulate Matter

system (TRPM). The principle of operation is based on a
combination of direct mass measurements using a gravimetric
filter and diffusion charging from an integrated electrical aerosol
detector (EAD).11 PEMS2(QCM) is Sensor Inc.’s Portable
Particulate Mass Device (PPMD). The PM mass measurement
is based on QCM technology that employs piezoelectric crystals,
where aerosol particles are deposited on a crystal surface after
being charged in a high concentration of unipolar ions9,14,15. The
charged particles enter an electric field and are attracted to the

Table 1. Test Vehicles Used During the In-Use Evaluation

vehicle engine ATS vehicle mileage PM emissions controls PM rangea g/hp-h

2001 Freightliner 2000 Caterpillar C15 no 18 000 (1) none 0.02�0.1

2008 Prostar 2007 Cummins ISX450 yes 17 500 (1) regenerationsb 0.001�0.01

(2) ECM recalibration

2008 Volvo 2007 Volvo D13-F485 yes 500 (1) regenerations 0.001�0.04

(2) ECM recalibration

(3) ATS bypass
a PM range is the range of PM emissions measured during the testing program. bRegeneration is a process where fuel is injected in the exhaust before the
DPF in order to reduce the PM loading on the DPF.



6075 dx.doi.org/10.1021/es104151v |Environ. Sci. Technol. 2011, 45, 6073–6079

Environmental Science & Technology ARTICLE

crystal surface where they are deposited. The oscillation fre-
quency of the crystal decreases with increasing mass load. By
detecting the frequency change of the crystal, the mass deposited
can be determined. See Supporting Information A for more
information on PEMS descriptions, operation, and special issues
related to the PEMS, such as crystal greasing.
PEMS3(PA) system is AVL’s micro soot sensor (MSS) model

483. This PEMS uses the PA measurement principle, which
provides a PM measurement that more directly corresponds to
soot or EC as opposed to PM mass (3,16,17, 18). PEMS4(EM+A)
is Dekati’sMassMonitor (DMM) 230. This PEMSmeasures PM
mass concentrations through a combination of a constant
voltage, sub 30 nm, electrical mobility detector and aerodynamic
inertial impaction. There are six stages of aerodynamic impaction
from 30 to 532 nm used to estimate the mass concentration.3,5

PEMS5(LS) is TSI’s DustTrak 8520. PEMS5(LS) was calibrated
to diesel exhaust using measurements by the MEL back in 2005,
and it has been using this same calibration ever since.3

PEMSOperation and Installation.PEMS1(DC+F), PEMS2-
(QCM), and PEMS3(PA) were mounted on a frame attached to
the tractor for all the in-use testing, while PEMS4(EM+A) and
PEMS5(LS) were mounted within the MEL. The operation for
all instruments was performed according to the manufacturer’s
specifications. The operation of PEMS2(QCM) and PEMS3-
(PA) differed somewhat from vehicle-to-vehicle based on the
different testing conditions for each vehicle, as described in more
detail in the Supporting Information A. PEMS4(EM+A) and
PEMS5(LS) sampled from the MEL’s CVS.
MELOperation.TheMEL’s primary tunnel flow ratewas set to

2700 standard cubic feet per minute (scfm) and the secondary
tunnel was set to provide a secondary dilution of 2.27:1. The
actual dilution ratio varied from amaximumof 17:1 to aminimum
of 7:1, with an average DR of 11 ( 2:1. These dilution ratios
created a CVS sample temperature that averaged 80 �C with a
single standard deviation of 20 �C throughout the test program.
MEL PM Measurements. The reference PM mass was col-

lected on Pall Teflo 2 μm pore filters. The filters were sampled
following 40 CFR Part 1065, with the exception that the
Caterpillar testing was performed with face velocities of
50 cm/s instead of the recommended 100 cm/s. The MEL was
upgraded for the 2007 Cummins and Volvo tests so that the
required 100 cm/s face velocity could be utilized.
PM composition, size distribution and particle number were

alsomeasured during this study. EC andOCweremeasured from
samples collected on Tissuquartz filters. The EC/OC analysis
was performed with a Sunset Laboratory Thermal/Optical
Carbon Aerosol Analyzer according to the NIOSH 5040 refer-
ence method. Sulfur was analyzed from the same Teflo filters
used for the gravimetric measurements. The sulfur analyses were
performed using a Dionex DX-1000 ion chromatograph to
determine the mass of sulfate ions on the filters. Sulfate in PM

was assumed to be in the hydrated form, H2SO46.5(H2O), hence
a factor of 2.33 was applied to the mass of sulfate ions to
determine its total contribution to the PM mass presented in
the Results section. Particle size distributions were analyzed with
a fast-scanning mobility particle sizer (fSMPS) that has a scan-
ning time of a few seconds compared to the 60�90 s for a more
traditional SMPS.19 Particle number concentrations were char-
acterized with a TSI condensation particle counter (CPC) 3760
with a cut point of 11 nm.
Reference Accuracy. The MEL was cross compared with an

engine dynamometer test cell CVS at the Southwest Research
Institute (SwRI) in San Antonio TX. The measurements were
done at an emission level of 0.025 g/hp-h for PM. TheMEL was,
on average, lower than SwRI by about 6% on a simulated NTE
transient cycle. The 6% difference is well within themeasurement
variability of other round robin studies23 and suggests theMEL is
a reasonable reference tool for comparing PM PEMS under in-
use conditions and quantifying the associated PEMS uncertain-
ties. Some of the conditions for the Cummins and Volvo tests
were at much lower PM concentrations than those from the cross
correlation, where the reference filter weights have more un-
certainty. See Supporting Information B for more information on
the MEL reference method uncertainty at different PMmeasure-
ment levels.
Test Routes. The PEMS were tested over routes similar to

those used during a previous gaseous PEMS evaluation
program,20 with some that were new for this test program. The
routes were designed such that the elevation varied from sea level
to 1500 m, humidity varied from 10 to 80%, ambient temperature
varied from10 to 43 �C, and several large power lines were passed.

’RESULTS

The experimental results and cross comparisons between the
different PMPEMS and theMEL are presented in this section for
the 2000 Caterpillar, 2007 Cummins, and 2007 Volvo engines.
PM Analysis Basis. The PM analysis was done on a brake

specific basis for the on-highway conditions in a work zone
defined by NTE regulations, as mentioned earlier. The NTE
work zone excludes operation when the engine is at low loads, a
condition where the brake specific emissions are exaggerated by
low values of the work term. For more information on the
conditions for each event, see Supporting Information C. Filter
weights for the non-ATS engine were 129 μg on average. Filter
weights were lower for the ATS-equipped engines, ranging from
a few μg to more than 200 μg with an average of 50 μg. The
presented results are not corrected for tunnel blanks, which were
just under 5 μg. For more information on tunnel blanks and the
reference system uncertainty, see Supporting Information B.
PM Composition. Figure 1(a) shows the normalized PM

composition and Figure 1(b) shows the averaged bsPM emis-
sions by composition for all three test engines summarized in bar

Table 2. Test Matrix for Previous and Current PM PEMS In-Use Evaluations

ID alt ID measurement principle mount location dilution ratioa proportional sampling sample location

PEMS1 DC+F diffusion charging + gravimetric filter tractor frame 6 yes raw exhaust

PEMS2 QCM quartz crystal microbalance tractor frame 6�50 yes raw exhaust

PEMS3 PA photo-acoustic tractor frame 2�4 no raw exhaust

PEMS4 EM+A electrical mobility + aerodynamic impaction MEL 6�100 no CVS and secondary dilution

PEMS5 LS 90olight scattering MEL 6 no CVS
aDilution ratio reported at maximum exhaust flow of 1000 scfm.
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charts. The Caterpillar EC and OC data presented is based on a
previous study,21,22 where selected forced events were analyzed
for sulfate mass. The mass balance between the composition data
and the gravimetric mass was found to be in good agreement, see
Supporting Information D for more information. In general, the
figures show that the three test engines differed not only by
emission levels, but also in PM composition.
Overall, the Caterpillar PM (from a 2000 non-ATS engine)

was mostly EC with small amounts of OC and trace amounts of
sulfate mass, see Figure 1(a). All the Caterpillar sulfate measure-
ments were at the detection limits of the instrument. The
Cummins engine showed a majority fraction of the PM from
sulfate with OC representing most of the remaining mass. The
OC mass, though, was just above the detection limits of the
method. The Volvo samples were mostly composed of OC, with
small amounts of EC and very little sulfate. The Volvo sulfate
levels were higher than the Caterpillar levels, but were still close
to, if not at, the detection levels of the instrument. See Support-
ing Information D for more information on the detection limits
for EC, OC, and sulfate analysis. The lower sulfate PM for the
Volvo compared to the Cummins could be due to differences in

ATS sulfur exposures, as seen by the differences in the accumu-
lated miles for the vehicles of 500 and 17,500 mi, respectively.
The Volvo PM also had more OC and EC than the Cummins,
which could be directly related to the bypass installed around the
Volvo aftertreatment device.
Particle Number Count and Size Distribution. Particle

number (CPC 3760) and size distributions (fSMPS) were
measured for both the Cummins and Volvo tests. The Cummins
tests showed, on average, about five times more particles for the
same given mass compared to the Volvo tests.13 The size
distributions for the Cummins showed a peak diameter between
10 and 30 nm, with relatively few particles above 40 nm, while the
Volvo size distributions showed a much larger peak diameter of
around 60�100 nm.13 Previous measurements for the Cater-
pillar vehicle show that the Caterpillar particle sizes were slightly
larger than those for the Volvo, with a particle number average
diameter of around 80 to 120 nm for similar duty cycles.19 See
Supporting Information E for more information on particle size
distributions.
PM Mass Results. Figure 2�4 show the PEMS bsPM

correlation to the MEL bsPM for the Caterpillar, Cummins

Figure 1. Normalized PM fractions (a) and bsPM fractions (b) for All Test Engines.

Figure 2. bsPM Correlation Between the MEL and PEMS (Caterpillar).
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and Volvo, respectively. The lightly dashed blue line in each of
the figures represents a one-to-one line for perspective on the
PEMS biases relative to the MEL. The ATS-equipped engines
provided low bsPM emission levels, where filter weights were
significantly reduced compared to the Caterpillar testing. An
error weighted, least squared analysis approach was used for the
correlation in Figure 3 and 4. Also added to Figures 3 and 4 is a
filter weight uncertainty line denoted by the faint red dotted line.
The filter weight uncertainty is defined as (3 � 2.5 μg/net filter
weight), where 2.5 μg is the typical uncertainty for replicate
weights of a reference filter. The reference uncertainty can be
attributed to a number of possible factors that can either increase
or decrease the filter mass. Thus, the uncertainty may not actually
be distributed evenly to the plus or minus side. A complete
discussion of the reference uncertainty is provided in.13,24

PEMS Discussions. In general, PEMS3(PA), PEMS4(EM
+A), and PEMS5(LS) showed a good correlation with a slightly
low bias for the Caterpillar tests, and PEMS1(DC+F) and

PEMS2(QCM) showed a relatively poor correlation and a
high bias, as seen in Figure 2. The PEMS1(DC+F) correlation
represents only the last day of testing where the PEMS was
operating without technical issues. All the PEMS showed a
poor correlation for the Cummins vehicle, with the exception
that PEMS1(DC+F) was not tested for that vehicle. For the
Cummins vehicle, PEMS4(EM+A) showed the best correlation,
but was still only measuring about 16% of the reference mass.
PEMS2(QCM) showed the best correlation for the Volvo tests,
where it measured 89% of the reference mass. PEMS4(EM+A)
was the next best for the Volvo tests, but it measured less than
50% of the reference mass.
PEMS1(DC+F). PEMS1(DC+F) was only tested for the

Caterpillar equipped vehicle. This instrument had technical
difficulties during its first three days of testing, so only the last
day was considered valid. The results for the Caterpillar tests
showed a correlation with an R2 of 0.55 and a slope of 1.23. This
suggests the PEMS1(DC+F) system overestimated the PMmass

Figure 3. bsPM Correlation Between the MEL and PEMS (Cummins).

Figure 4. bs PM Correlation Between the MEL and PEMS (Volvo).
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by about 23%, but with a marginal correlation. This PEMS data
are considered as the “best available”measurements at the time of
this research. It is expected that the results for the PEMS will
improve given more development time.
PEMS2(QCM). The PEMS2(QCM) showed a poor correla-

tion for the Caterpillar testing that may be related to a high
concentration of dry soot particles. The Caterpillar tests showed
relatively high PM emissions, composed of predominantly EC.
EC dominated PM is known to be dry or difficult to deposit on
hard surfaces, like quartz. The crystals showed a decaying PM
response at 0.2 μg crystal loadings, which suggests the surface is
overloaded or not depositing as efficiently as with a clean surface.
In order to prevent this so-called overloading condition, the
dilution ratio was increased from 6:1 to about 50:1 and the
sample flow was dropped from 0.4 to 0.25. These changes in
operating parameters are typical for this instrument, and would
likely be needed for other vehicles with PM characteristics similar
to those of the Caterpillar.
The PEMS2(QCM) showed a poor correlation for the

Cummins tests, as shown in Figure 3, where there was a large
sulfate contribution to the PM composition. It is expected that
the gravimetric sulfate mass will have a different water hydration
level than the PEMS2(QCM) mass due to different PM con-
ditioning. The PEMS2(QCM) conditioning is shorter (minutes
versus hours), at higher temperatures (47 �C versus 22 �C), and
at variable humidity compared to the constant 45% humidity in
the gravimetric weighing chamber. The different conditioning
environments could cause a bias, but the bias should be bound by
the factor of 2.33 for hydrated sulfate (as discussed earlier). Thus,
the contribution of water hydration alone cannot explain the
poor correlation. This suggests that the PEMS2(QCM) system
may have a measurement issue with PM that is dominated by
small, nucleation mode, sulfate particles. The large sulfate PM
contribution and small particle number averaged diameters of
10�30 nm for the Cummins tests suggest the particles con-
tributing to the PMmass are formed from the conversion of SO2

to SO3 over the catalytic surfaces in the ATS during regeneration
conditions. These nanoparticles can form via homogeneous
nucleation during the dilution process, and grow in size. Thus,
it is possible differences between full dilution and proportional
dilution may have caused some of the particle mass differences
between the PEMS2(QCM) and the reference. Another reason
for the low PEMS2(QCM) response could be due to lower
charging efficiencies for nucleation mode type particles.25

The best correlation for PEMS2(QCM) was for the Volvo
tests, where the R2 was 0.97 with a slope of 0.89. The slope was
still below one, and thus the bsPM is still underestimated by
about 11% compared to the reference. The good correlation
suggests that PEMS2(QCM) does not have any significant
measurement difficulties for OC dominated PM with a peak
diameter from 60�100 nm.
PEMS3(PA). The slightly low bias for the Caterpillar PEMS3-

(PA) results is consistent with this instrument only measuring
the EC portion of the PMmass. The Caterpillar composition was
90% EC with the remainder being OC and sulfate. The 90% EC
figure is consistent with the 10% low bias for PEMS3(PA) for the
Caterpillar. These results agree with those from a previous study
conducted under more controlled conditions.3 During the
Cummins and Volvo testing, though, PEMS3(PA) only mea-
sured 4% and 11% of the mass of the reference, respectively.
Properly functioning DPF’s produce almost no soot, so most of
the PM is from the dilution process. Hence, the observation of a

low PEMS3(PA) mass relative to the reference method can be
attributed to the other components and formation processes, as
expected.16,18 Bypassing the DPF typically provides elevated
PM soot concentrations. Thus, the increase in PEMS3(PA)
response between the Cummins and the Volvo results are most
likely a result of the slight increase in EC due to the ATS bypass
modifications, as shown in Figure 1. In general, the PEMS3-
(PA) measurement system was only effective for the high soot
case (Caterpillar engine), and not the high sulfate (Cummins
engine), and high OC (Volvo engine) cases, as expected based
on its measurement principle. The PEMS3(PA) manufacturer
recently released a new version of this PEMS which includes a
gravimetric filter similar to PEMS1(DC+F). It is expected that
the PEMS3(PA) with the gravimetric filter may show better
performance for measuring PM with a high OC or sulfate
contribution.
PEMS4(EM+A). The good correlation for the Caterpillar

testing agrees with another PEMS4(EM+A) evaluation,5 where
PEMS4(EM+A) was biased slightly low and captured about 90%
of the reference mass. For the ATS-equipped engines, however,
PEMS4(EM+A) underreported PMmass, capturing only 16% of
the referencemass for the Cummins, and a somewhat higher 43%
of the reference mass for the Volvo. During the Cummins testing,
the particles were smaller than the lowest 30 nm impactor stage.
For the Volvo testing, the particle size was larger, but not as large
as particles from the Caterpillar testing. The improvement in
mass response from the Cummins to the Volvo to the Caterpillar
tests, where particles increased in size between each vehicle
tested, suggests PEMS4(EM+A)may be sensitive to variations in
particle size.
PEMS5(LS).The PEMS5(LS) correlated well for theCaterpillar

tests and showed the slope closest to unity (i.e., slope = 0.97)
compared to the other PEMS. The good correlation was
expected since PEMS5(LS) was calibrated previously with the
MEL as discussed earlier. The PEMS5(LS) Cummins correlation
was poor, and it measured only 5% of the reference mass.
The mass recovery improved from the Cummins to the Volvo,
with 25% of the reference mass being measured for the Volvo
tests. The differences between the mass measurements for the
Cummins and Volvo could be related to the significant role
particle size plays in light scattering theory25 and the fact that
particle size peak changed from 10 to 30 nm to 60�100 nm from
the Cummins to the Volvo.
This research identified a number of key issues with in-use

testing of PM. Recently released PM PEMS vary significantly in
their correlation to the gravimetric reference method. Generally,
the correlations were relatively poor with overreporting for pre-
2007 technology and underreporting for ATS-equipped engines.
The underreporting for the ATS-equipped Cummins can be
attributed to the high sulfate PM from regenerations, while the
underreporting for the ATS-equipped Volvo can be attributed to
the high OC PM resulting from the ATS bypass.
Overall, it appears that PM PEMS at the development level of

those tested in this study are not sufficient to characterize the full
range of PM levels and compositions that might be found for
malfunctioning ATS-equipped engines. The biases, both nega-
tive and positive, also suggest that PM emission factors for in-use
emissions will inherently contain errors if they are based solely or
heavily on in-use PM PEMS measurements. This suggests that
PM measurements from a broader range of engine and chassis
dynamometer laboratory measurements are still needed for the
development of PM emissions inventories.
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The development of new and improved in-use PM measure-
ment tools are critical, and expected to continue. Recently, the
PEMS3(PA) system was improved to provide an integrated
gravimetric filter to better measure PM with low EC and high
OC and sulfate. While this new PM PEMS shows promise and is
currently being evaluated, it is unknown how it will work for the
variety of possible PM levels, compositions, and size distributions
that could be found for properly and improperly functioning
ATSs. In general this study suggests that the inclusion of
gravimetric filter measurements in conjunction with real-time,
in-use PEMS testing might help to assess PM PEMS accuracy
and better characterize vehicle PM emissions.
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